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This study evaluated the development and the involvement in sudden perinatal and infant death of the medullary hypoglossal
nucleus, a nucleus that, besides to coordinate swallowing, chewing and vocalization, takes part in inspiration. Through histological,
morphometrical and immunohistochemical methods in 65 cases of perinatal and infant victims (29 stillbirths, 7 newborns and 29
infants), who died of both unknown and known cause, the authors observed developmental anomalies of the hypoglossal nucleus
(HGN) in high percentage of sudden unexplained fetal and infant deaths. In particular, HGN hypoplasia, hyperplasia, positive
expression of somatostatin and absence of interneurons were frequently found particularly in infant deaths, with a signiﬁcant cor-
relation with maternal smoking.
 2009 Elsevier B.V. All rights reserved.
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Developmental abnormalities of brainstem centers
checking the vital functions have been reported by us
in sudden perinatal and infant death victims. These
include, in particular in the brainstem, hypoplasia of
the arcuate nucleus, pre-Bo¨tzinger nucleus, tractus soli-
tarius nucleus, parafacial complex and parabrachial/
Ko¨lliker-Fuse complex [1–7]. The present study was per-
formed with the purpose to deepen our knowledges by
evaluating the development and the involvement in these
pathologies even of the hypoglossal nucleus (HGN), a
nucleus of the dorsal part of the medulla oblongata that,
even if not generally included among the so deﬁned vital
centers, takes part in speciﬁc phases of breathing. In fact0387-7604/$ - see front matter  2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.braindev.2009.05.006
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E-mail address: anna.lavezzi@unimi.it (A.M. Lavezzi).the hypoglossal neurons, besides to coordinate swallow-
ing, chewing and vocalization, have been identiﬁed as
having a peak of activity during inspiration [8–10].
The HGN contains two distinct neuronal popula-
tions: the ﬁrst, predominant, is represented by motoneu-
rons, that are large, multipolar and rich in Nissl
substance neurons; the second neuronal pool is consti-
tuted by small round or oval neurons with poor rough
endoplasmatic reticulum, deﬁned as ‘‘inhibitory inter-
neurons” [11–13].
The functional signiﬁcance of the two neuronal
groups in HGN has been explained in relation to tongue
control, in particular to control of the genioglossus mus-
cle that is important in maintaining a patent airway,
especially during inspiration [14–16]. Both the HGN
motoneurons and interneurons are involved in the gen-
eration of excitatory and inhibitory post-synaptic poten-
tial during the diﬀerent above-mentioned functions that
require precise coordination of tongue movements.
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obtained from experimental studies. A review of the lit-
erature shows that only few authors, and many years
ago, have studied the HGN in man, precisely in sudden
infant death syndrome (SIDS) [17–20]. They observed
signiﬁcantly higher incidence of morphopathological
features of this nucleus in victims of sudden infant death
than in control infants.
Therefore, we aimed to start from these works to
evaluate if the HGN shows morpho-functional altera-
tions not only in SIDS but also in sudden unexplained
perinatal deaths, like the alterations in nuclei and/or
structures of the brainstem and cerebellum checking
vital functions, previously observed by us in these
pathologies [1–7,21–23].
Thus, we ﬁrstly investigated the developmental pat-
terns of the HGN in a wide cohort of fetal and infant
death victims aged from the 17th gestational week to
10 months of life, who had died of known and unknown
causes, and then we evaluated whether morphofunction-
al disorders could be present in this nucleus in victims of
unexplained death.
The study protocol of the HGN included, in all cases:
(1) morphological examination in histological sections
of medulla oblongata; (2) morphometrical analysis of
nucleus area and neuronal density; (3) immunohisto-
chemical evaluation of the expression of the somato-
statin, a neurotransmitter that controls important
physiological functions already from the ﬁrst weeks of
gestation.
Finally, the observation in our previous studies of a
signiﬁcantly increased incidence of structural and/or
functional alterations of the central autonomic nervous
system in victims of unexplained perinatal and infant
death with smoker mothers [21,24–26], prompted us to
determine whether prenatal absorption of nicotine could
also interfere with the maturational processes of the
HGN.
2. Patients and methods
A total of 65 brains were collected from 29 fresh ante-
partum stillbirths (17–40 gestational weeks, with a peak
from 36 to 40 weeks), 7 newborns who died within the
ﬁrst two days of life and 29 infants aged 1–10 months
(mean age: 3.5 months).
For every case, a complete clinical history, particu-
larly referred to the mothers, and including the death
scene examination in infant victims, was collected.
None of the mothers had any signiﬁcant pathology.
While taking the medical history, the mothers were
asked for information about any smoking habit before,
during and after pregnancy. Characteristics of the moth-
ers per smoking category were: 11% (n = 7) reported
smoking only during pregnancy, 23% (n = 15) smoking
before, during and after pregnancy and 55% (n = 36)no smoking. In 7 cases (11%) no information about
smoking was available.
The victims were subjected, with a mean post-mortem
interval of 24 h, to a complete autopsy, including exam-
ination of the placental disk, umbilical cord and mem-
branes in perinatal deaths. In all cases an in-depth
histological examination of the autonomic nervous sys-
tem was made, according to the protocol routinely fol-
lowed by the ‘‘Lino Rossi Research Center for the
study and prevention of the unexpected perinatal death
and SIDS” of the Milan University [27,28].
In particular, after ﬁxation in 10% phosphate-buf-
fered formalin, the brainstem, where the main structures
checking vital functions are located, was processed and
embedded in paraﬃn. Transverse serial sections of the
midbrain, pons and medulla oblongata were made at
intervals of 60 lm. For each level, ﬁve 5 lm sections
were obtained, three of which were stained for
histological and morphometrical examination using
hematoxylin-eosin, Klu¨ver-Barrera stains and silver
impregnation technique of Bielchowsky. Two additional
sections were subjected to immunohistochemistry for
the study of the somatostatin.
The in-depth examination of the hypoglossus
nucleus, the target of this study, was performed in all
the cases at the same level of the medulla oblongata,
and precisely on the histological sections corresponding
to the obex [28]. This section also allow to easily analyze
further important medullary structures (dorsal motor
vagus, tractus solitarius, ambiguous, pre-Bo¨tzinger,
inferior olivary and arcuate nuclei). In the pons we ana-
lyzed the locus coeruleus, the parabrachial/Ko¨lliker-
Fuse complex, the facial/parafacial complex and the
superior olivary complex.
In 35 cases, after the in-depth autoptic examination,
the death remained totally unexplained. A diagnosis of
‘‘unexplained stillbirth” was established for 16 fetuses,
who died suddenly after the 17th gestational week
before complete expulsion or retraction from the
mother; a diagnosis of ‘‘unexplained early neonatal
death” for 4 newborns who died between birth and the
ﬁrst two postnatal days, and of SIDS for 15 infants died
within the ﬁrst ten months of life. In the remaining 30
cases, 13 stillbirths, 3 newborns and 14 infants, a precise
cause of death was formulated at autopsy. Therefore,
these cases were regarded as ‘‘controls”.
Table 1 summarizes the case proﬁles in this study,
indicating the sex distribution, range of ages and death
diagnoses.
2.1. Morphometric analysis
The morphometric analysis was performed with an
Image-ProPlus Analyser (Media Cybernetics, Silver
Spring, MD). The histological image acquisition was
made via a CCD Color Camera (Ikegami Tsushinki
Table 1
Case proﬁles in the study.
Victims Age (range) Sex (n.) Death diagnosis
M F Explained deaths (n.30) Unexplained deaths (n.35)
Fetuses (n.29) 17–40 gw 12 15 Necrotizing chorioamnionitis (n.7) Unexplained stillbirth (n.16)
Congenital heart diseases (n.5)
Potter’s syndrome (n.1)
Newborns (n.7) 1–4 pd 4 3 Congenital heart diseases (n.3) Unexplained early neonatal death (n.4)
Infants (n.29) 1–10 m 16 13 Pneumonia (n.6) SIDS (n.15)
Congenital heart diseases (n.7)
Pericarditis (n.1)
gw = Gestational week; pd = postnatal day; m = month.
SIDS = Sudden infant death syndrome.
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uar Zeiss objective and were displayed in a PC-monitor
in RGB real colour.
The measurements were made in a blinded fashion,
without knowledge of the clinical diagnosis or victim
age, in all cases in the same histological sections, selected
at the anatomic level of the obex. The following param-
eters were evaluated:
- Surface area: Surface area of the HGN (mm2). The
outer boundary of the nucleus was delineated on both
side of medulla oblongata.
- Neuronal density: Neuronal density of the HGN
(number of cells/mm2). The neurons were counted
on both sides of the sections using a 40 objective.
The number of cells was then correlated with the
HGN area, obtaining the cells density.
The measured parameters were expressed as mean
and standard deviation (SD).
2.2. Somatostatin immunohistochemistry
Lyophilized rabbit serum diluted in PBS (Novocast-
lab-Newcastle, UK) was used in this study. This antise-
rum recognized the N-terminal part of SS-28, composed
of 28 aminoacids. Somatostatin immunoreactivity was
visualized by the peroxidase–antiperoxidase method.
In order to neutralize endogenous peroxidase, sections
were pretreated with a solution of 0.3% hydrogenase
peroxide for 20 min. After rinsing in buﬀer, sections
were exposed for 48 h to the speciﬁc primary antiserum
diluted 1:150 at 25 C. After 10 min in buﬀer, the site of
antigen–antibody reaction was revealed with antirabbits
immunoglobuline followed by peroxidase–antiperoxi-
dase complex. The unlabeled antiserum was placed on
the sections for 2 h diluted 1:200 at room temperature.
The sections were then exposed to peroxidase–antiper-
oxidase complex for 2 h at dilution 1:200. The sites of
peroxidase activity were visualized with 0.3% hydrogen
peroxide in buﬀer containing 0.04% diaminobenzidinetetrahydrochloride and 0.5 g nickel ammonium sulfate.
Slides were rinsed, dehydrated, mounted and examined
by light microscopy.
2.3. Statistical analysis
The statistical signiﬁcance of direct comparison
between the groups of victims was determined using
analysis of variance (ANOVA). Statistical calculations
were carried out on a personal computer with SPSS sta-
tistical software. The selected threshold level for statisti-
cal signiﬁcance was p < 0.05.
3. Results
3.1. Morpho-functional steps of the human HGN
development
3.1.1. Morphological features
At the earliest observation (17–18 gestational weeks–
gw) the HGN was scarcely delineated and consisted of
few round neurons with large nucleus, evident nucleolus
and poor cytoplasm (Fig. 1a,b). Several mitoses were
detected at this developmental stage.
From the 20th to the 22nd gw, the HGN showed a
dense group of small cells, with eccentric nucleus and
granular cytoplasm. Several polygonal neurons with evi-
dent axons and dendrites were observed (Fig. 2a,b).
At 30 gw the HGN was well recognizable, and con-
sisted of intermingled polygonal and round neurons
spread in a wide area. The multipolar neurons showed
dense lamellar arrays of rough endoplasmic reticulum
(Nissl substance) in the cytoplasm (Fig. 3). These features
were emphasized around the 35th gw, with increase in
neuronal number and neuropil expansion (Fig. 4).
After birth, we observed two diﬀerent and well
deﬁned morphologies of HGN neurons. The predomi-
nant population was constituted by large multipolar
neurons, with round eccentric nucleus and cytoplasm
rich in Nissl substance. The second population consisted
of small round to oval shaped neurons with frequently
Fig. 1. Hypoglossal nucleus in a fetus of the control group aged 17 gestational weeks. The nucleus is scarcely delineated and consists, as better
observable in (b), of few round neurons with large nucleus, evident nucleolus and poor cytoplasm. Klu¨ver-Barrera stain. Magniﬁcation: (a) 4; (b)
20.
Fig. 2. Hypoglossal nucleus in a fetus of the control group aged 22 gestational weeks. The neurons, as better observable in (b), shows eccentric
nucleus and granular cytoplasm. Several neurons are polygonal in shape, with evident axons and dendrites. Klu¨ver-Barrera stain. Magniﬁcation: (a)
4; (b) 20.
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bled in the ventral region of HGN (Fig. 5a,b). These
two types of neurons were classiﬁed as ‘‘motoneurons”
and ‘‘interneurons”, respectively.
3.1.2. Morphometric features
Table 2 shows the HGN areas and neuronal density
obtained through morphometric analysis. Because of
the low number of neonatal deaths and the superimpos-
able morphometric values obtained from victims died
ante-partum and in the ﬁrst days post-partum, we subdi-
vided the victims of the study into four groups: I-unex-
plained perinatal (fetal + neonatal) deaths; II-control
perinatal deaths; III-SIDS; IV-control infant death.
No statistically signiﬁcant diﬀerence was found between
the morphometric parameters of the groups I and II,
and between the groups III and IV (p > 0.05). On the
contrary, there was a marked increase of the HGN out-
lines and a decrease of the neuronal density during
development from the perinatal groups (I and II) to
infant groups (III and IV) (p < 0.05).3.1.3. Somatostatin expression features
The immunohistochemical study of the somato-
statin showed a peculiar positivity for this neuropep-
tide in the brainstems. In fact, in stillbirths an intense
expression was constantly seen in the cell bodies and
ﬁbers of the major part of the nuclei, including hypo-
glossal nucleus.
In the postnatal deaths we observed an abrupt reduc-
tion of somatostatin-positivity. In fact, even in the ﬁrst
days of life, we observed a low number of positive cell
bodies limited to several nuclei, such as the tractus soli-
tarius nucleus in the medulla oblongata and the locus
coeruleus in the pons.
We found the above-described sequence of HGN
developmental steps in the large part of cases, par-
ticularly in all the control cases. Nevertheless, in
24 victims of unexplained death (69%), aged from
36 gw to 4 months of life (10 late fetal deaths, and
14 infant deaths), we observed diﬀerent structural
and biological patterns as compared with age-
matched subjects.
Fig. 3. Hypoglossal nucleus in a fetus of the control group aged 30
gestational weeks. Klu¨ver-Barrera stain. Magniﬁcation: 10.
Fig. 4. Hypoglossal nucleus in a fetus of the control group aged 35
gestational weeks. Klu¨ver-Barrera stain. Magniﬁcation: 10.
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death and SIDS
The HGN of 10 fetuses who died in the last weeks of
pregnancy, showed the same immature structure that
may be found at 22–23 gestational weeks, with increased
neuronal density (from 82 to 95 neurons/mm2) due toFig. 5. Hypoglossal nucleus in an infant of the control group aged 1 month
greater magniﬁcation in (b). Klu¨ver-Barrera stain. Magniﬁcation: (a) 4; (bscanty neuropil. The neurons were in prevalence round-
ish in shape, with either smooth or rough cytoplasm and
sketchy axons. The immunohistochemical evaluation of
the somatostatin was negative in 6 of these cases.
In 14 SIDS cases we found diﬀerent pathological pat-
terns of the HGN, and precisely, as shown in Table 3:
 Hyperplasia: with very large HGN area due to
increased number of both motoneurons and neuropil
surface, observed in 5 cases (Fig. 6a,b);
 hypoplasia: with small HGN area, decreased moto-
neuronal number and neuropil, observed in 4 cases
(Fig. 7a,b);
 lack of interneurons: with normal or increased HGN
boundaries as regards to standard values, and the
only presence of large multipolar neurons, observed
in 8 cases;
 somatostatin immunopositivity: with marked expres-
sion of this neurotransmitter in the HGN neurons,
that instead should be immunonegative, in 6 cases
(Fig. 8), three of these showing also HGN hyperpla-
sia without interneurons, and one HGN hypoplasia.
Only two victims of the infant control group, died of
pneumonia, showed HGN hypoplasia. On the whole,
the incidence of the observed HGN alterations was sig-
niﬁcantly higher in SIDS victims than in infant controls
(p < 0.01).
In 8 of the SIDS victims with developmental abnor-
malities of the HGN, we also observed alterations of dif-
ferent brainstem and cerebellum structures (hypoplasia/
agenesis of the arcuate nucleus and of the pre-Bo¨tzinger
nucleus, cerebellar cortex delayed maturation and den-
tate nucleus hyperplasia). The most frequent association
was with the hypodevelopment of the medullary arcuate
nucleus.
With regard to fetal death victims, 8 of the 10 cases
with delayed development of the HGN showed hypopla-
sia of the pontine facial/parafacial complex.. In the encircled area in (a): a group of interneurons. They appear at
) 20.
Table 2
Morphometric analysis of the HGN in perinatal and infant deaths.
Morphometric parameter Victim groups
I Unexplained perinatal
death (n.20)
II Control
perinatal death (n.16)
III SIDS
(n.15)
IV Control infant
death (n.14)
HGN area (mm2) mean ± SD 0.444 ± 0.11 0.477 ± 0.16 0.851 ± 0.44 0.775 ± 0.19
HGN neuronal density
(neuron number/mm2) mean ± SD
74 ± 2 72 ± 9 51 ± 11 49 ± 3
HGN = hypoglossal nucleus; SD = standard deviation.
Signiﬁcance of group I vs group II and of the group III vs group IV: p > 0.05.
Signiﬁcance of perinatal deaths (groups I and II) vs infant deaths (groups III and IV): p < 0.05.
Table 3
HGN pathological ﬁndings in 14 victims of SIDS.
Case n. Sex/age (months) HGN alteration Further neuropathological
ﬁndingsHyperplasia Hypoplasia Lack of
interneurons
Somatostatin
immunopositivity
1 M/1 +  + + ARCN agenesis
pBN hypoplasia
2 F/1  +  + pBN agenesis
3 M/2   +  –
4 M/2 +   + ARCN hypoplasia
5 M/2 +   + –
6 F/3   +  ARCN hypoplasia
7 F/3   +  –
8 M/3   +  –
9 M/3  +   ARCN hypoplasia
10 F/3   +  ARCN hypoplasia
CC immaturity
11 M/3 +  + + –
12 F/4  +   ARCN hypoplasia
13 M/4  +   –
14 M/4 +  + + DN hyperplasia
CC immaturity
ARCN = arcuate nucleus; CC = cerebellar cortex; DN = dentate nucleus; pBN = pre-Bo¨tzinger nucleus.
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ers’ smoking habit. A signiﬁcant correlation was evident
between maternal smoking, developmental alterations
of the HGN, and sudden death. In fact, 6 of the 10 unex-
plained stillbirths and 12 of the 14 SIDS victims with
HGN pathological ﬁndings, had smoker mothers
(p < 0.05).
4. Discussion
Our interest in the HGN has been raised because of
numerous experimental works showing the crucial role
of this nucleus in the control of tongue movements par-
ticularly in inspiratory-related activity.
Despite these studies, only little research has been
done, and only in the past, on the HGN in man. Pre-
cisely, alterations even discordant have been reported
in SIDS victims. Naeye et al. [17] indicated a neuronal
deﬁcit in the HGN in more than two thirds of SIDS vic-
tims. O’Kusky and Norman [18,19], through applicationof morphometric analysis, found increased volume asso-
ciated to decreased neuronal density of this nucleus in
SIDS cases than in controls. On the contrary, Konrat
et al. [20] found a smaller average volume and increased
density of neurons of the HGN in SIDS infants.
Therefore, our study was undertaken, besides to
obtain basic information about the structure and physi-
ology of the HGN during the ﬁrst phases of human ner-
vous system development, to make clear the
morphological and biological features of the HGN not
only in SIDS but even in victims of sudden unexplained
perinatal death.
Through application of histological, morphometrical
and immunohistochemical methods, we observed devel-
opmental anomalies of the HGN in high percentage of
unexplained fetal and infant deaths, whereas such
anomalies were not present in control cases.
Above all in SIDS group, a very high incidence of
HGN pathological ﬁndings was found (14/15 cases).
We identiﬁed four types of alteration: hyperplasia,
Fig. 6. Hyperplasia of the hypoglossal nucleus with increase in motoneuron number in a sudden infant death syndrome victim, 2 month-old. Klu¨ver-
Barrera stain. Magniﬁcation: (a) 4; (b) 20.
Fig. 7. Hypoplasia of the hypoglossal nucleus with decrease in motoneuron number in a sudden infant death syndrome victim, 2 month-old. Klu¨ver-
Barrera stain. Magniﬁcation: (a) 4; (b) 20.
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absence of interneurons. The last anomaly was the most
frequent ﬁnding, diagnosed in over half of SIDS victims.
The interneurons, that are small in size cells with thin
axons and dendrites branching within the anatomic con-
ﬁnes of the hypoglossal nucleus, are presumed to be
inhibitory neurons because they use predominantly c-
aminobutyric acid (GABA) as a neurotransmitter [29].
Precisely, the interneurons are involved in the genera-
tion of inhibitory post-synaptic potentials projecting to
the HGN motoneurons, that send their axons, by means
of the hypoglossal nerve, to provide the motor innerva-
tion of the tongue [14–16].
In particular the genioglossus muscle of the tongue
must contract rhythmically, by an excitation-suppres-
sion sequence, during respiration, chewing and shallow-
ing, with diﬀerent function-related frequencies [15,16].
The rhythmicity is the result of inhibitory cyclic patterns
produced by interneurons, that directly depolarize the
HGN motoneurons to generate discharge patterns.
A conﬁrmation of the important role of the HGN
interneurons in breathing control rises in our opinion
from the study of Popratiloﬀ et al. [30]. These authors,
through stereotaxic microinjection of retrograde andanterograde neuronal tracers into the brainstem of rats,
demonstrated that HGN interneurons project to the
facial nucleus, thus sustaining the involvement of the
HGN not only in tongue movements but also in oro-
facial coordination of the mimetic muscles.
Nevertheless, a consensus is now emerging in the
literature that the function of hierarchical modula-
tion of the respiratory rhythm is ascribed to the
parafacial respiratory group, a pool of neurons
deﬁned as ‘‘pre-inspiratory neurons” surrounding
and intermingled among the facial nucleus neurons.
Besides, Zhang et al. [31] in experimental studies
showed that even the facial nucleus takes part in
the regulation of the respiratory activity. Thus, this
strict relation with the facial/parafacial complex sup-
ports the leading role of the HGN interneurons in
respiratory activity.
The absence of interneurons by us remarked in HGN
of SIDS victims, can prevent the sequential rhythmic
activity of the motoneurons and consequently the pre-
cise coordination of tongue movements, providing a
potential anatomical substrate for respiratory and/or
swallowing failure, possible causes of sudden death in
the ﬁrst months of life.
Fig. 8. Somatostatin-immunopositivity of the hypoglossal nucleus in a sudden infant death syndrome victim, 3 month-old. (a) immunopositive
hypoglossal nucleus on both side of medulla oblongata (magniﬁcation 4); (b) monolateral immunoreactive neurons at greater magniﬁcation (10);
(c) single neurons. Note the positive staining in the neuronal cytoplasm (40); (d) an example of normal somatostatin-immunonegative HGN
neurons in an age-matched infant of the control group (magniﬁcation 40).
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plasia and/or hyperplasia frequently remarked by us in
SIDS group, are expression of common troubles arising
during the central nervous system development.
Both hypoplasia and hyperplasia can be interpreted as
results of a defect of the natural neuronal selection during
the nervous system development [32]. This is a cell loss
that occurs by a highly regulated process known as ‘‘pro-
grammed cell death” (PCD) for the reaching of the right
size (number) of the precursor population of the neuronal
structures and for the establishment and reﬁnement of the
related functional networks. The most generally accepted
idea is in fact that neurons are produced in excess in order
that they may compete for contacts with their cellular
partners and thus adjust their numbers so as to provide
suﬃcient innervation of their targets [33].
However, many of the neuronal populations in which
developmental PCD occurs can make errors by reducing
(giving rise to hyperplasia) or increasing (giving rise to
hypoplasia) the selective removal of neurons in a deter-
minate nucleus and/or structure. Both these defective
processes can have the same repercussion and create
similar disorders in the neuronal complex and its speciﬁc
synaptic circuitry.
Another interesting result of this study is the diﬀerent
expression of the neurotransmitter somatostatin in the
hypoglossus nucleus in cases of unexplained death com-pared to cases died of known etiology. We observed
HGN-negativity for somatostatin in 6 of the 16 unex-
plained stillbirths and in no fetal death victim who died
of known cause. On the contrary, among the infant
deaths, the HGN was somatostatin-immunopositive in
6 of the 15 SIDS cases and immunonegative in all the
controls.
Somatostatin is a neuropeptide with a wide distribu-
tion in the central nervous system, particularly in brain-
stem nuclei checking vital functions, during intrauterine
life. After birth, the somatostatin concentration immedi-
ately decreases. Its presence is restricted to the perikarya
of a small number of neurons.
Somatostatin seems to exert important inhibitory
action on respiration. In support of this hypothesis, it
has been shown that intracisternal administration or
microinjections of this neurotransmitter in the ventral
medulla of rats produces deep and prolonged apnea
[34–36]. In addition, intravenous injection of somato-
statin in human depresses the ventilatory response to
hypoxia [37,38].
Therefore, we assume that the high diﬀusion of the
somatostatin in brainstem respiratory centers in fetal life
is strongly involved in the inhibitory action on the intra-
uterine breathing and that the low concentration of this
neurotransmitter after birth is essential to allow the reg-
ular ventilatory rhythm.
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observed in this study in both sudden fetal and infant
deaths, and precisely the presence of HGN somato-
statin-immunonegative and positive neurons before and
after birth, respectively, even more if they are associated
to HGNmorphological alterations, may have deleterious
eﬀects on the respiratory activity, leading to fatal breath-
ing movements in fetuses and to drawback of the normal
sequence of genioglossusmuscle contraction during inspi-
ration after birth, up to irreversible apnea.
Thus, we detain that the normal structural and func-
tional development of the HGN is vital for the generation
of the respiratory network and any disturbance in its mat-
urative process may be lethal already in perinatal life.
In addition to the above-described HGN ﬁndings,
our results indicate a signiﬁcant association between
these lesions and developmental alterations of diﬀerent
brainstem and cerebellum structures.
We detain that the susceptibility to SIDS and SIUD
occurs through a mechanism involving morphological
developmental defects of various centers that, being
linked one with the other through speciﬁc synaptic net-
works, are together important in the modulation of all
the vital functions. Consequently, the developmental
alterations of these neuronal structures can concur to pro-
duce severe dysregulation of the autonomic nervous sys-
temhomeostatic control, triggering the deathmechanism.
The abnormalities of the HGN, such as of the other
structures observed in this study, may be the result of
the negative eﬀect of environmental factors, and above
all of maternal smoking in pregnancy, on the developing
brain.
At present, there is a general consensus that cigarette
smoking during pregnancy is noxious already to the
fetus, and results in deﬁcits such as retarded intrauterine
growth, low birth weight and stillbirth [39–41]. Besides,
several studies have shown that nicotine interferes even
with the normal course of the brain development
[25,42,43]. Previously, we have reported that prenatal
nicotinic exposure aﬀects the development of nervous
system centers checking vital functions [21,24–26].
In the present study we found an important associa-
tion even between prenatal cigarette exposure, func-
tional and/or structural alterations of the HGN and
sudden fetal/infant death. In fact, 18 among the 24 vic-
tims of unexplained death with HGN wrong maturation
(75%), had smoker mothers.
Therefore, on the basis of the results of this study and
of our previous researches, we hypothesize that exposure
in utero to maternal smoking could interfere with brain
development, giving rise to a widespread incorrect mat-
uration of all the neuronal structures involved in control
of the vital functions.
The role of diﬀerent risk factors, besides cigarette
smoking, as possible cause for fetal and infant death
must also be stressed. For example, as most of the moth-ers and infants of the study lived in large cities, we
assume, in agreement with a recent study linking air pol-
lutants to adverse birth outcomes [44], that atmospheric
pollution may have contributed to the development of
the above reported lesions.
In conclusion, given the impossibility to avoid air
pollution, we anyway recommend clinical and public
health strategies aimed at the prevention of prenatal
tobacco exposure of infants. Primary care should inform
young women about the long-term consequences of
smoking during pregnancy.
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